Species of the genus Streptomyces are of major pharmaceutical interest because they synthesize a variety of bioactive secondary metabolites. We have determined the complete nucleotide sequence of the linear chromosome of Streptomyces avermitilis. S. avermitilis produces avermectins, a group of antiparasitic agents used in human and veterinary medicine. The genome contains 9,025,608 bases (average GC content, 70.7%) and encodes at least 7,574 potential open reading frames (ORFs). Thirty-five percent of the ORFs (2,664) constitute 721 paralogous families. Thirty gene clusters related to secondary metabolite biosynthesis were identified, corresponding to 6.6% of the genome. Comparison with Streptomyces coelicolor A3(2) revealed that an internal 6.5-Mb region in the S. avermitilis genome was highly conserved with respect to gene order and content, and contained all known essential genes but showed perfectly asymmetric structure at the oriC center. In contrast, the terminal regions were not conserved and preferentially contained nonessential genes.
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(16S-23S-5S rRNA) had GC content ranging from 57.75 to 58.01%. The rRNA operons are known to have similar GC content in all organisms, irrespective of average GC content, because of constraints on the composition of these functional RNA molecules. Transposons, including truncated forms, phage, and plasmid sequences, comprise 1.5% (99 putative transposase and 16 putative phage-plasmid integrase genes) of the S. avermitilis chromosome. Most of the mobile sequences (80 transposase and 7 integrase genes) were located in the regions near the two chromosomal ends, called subtelomeric regions (see below and Fig. 1) .
Clustering of the 7,574 ORFs by the Basic Local Alignment Search Tool protein clustering program (BLASTCLUST; minimum 30% identity, minimum 80% length coverage) showed that 35% (2,664) clustered into 721 paralogous families, with membership ranging from 2 to 91 genes per family. Two large gene families were represented, one related to membrane-spanning components of the ATP binding cassette (ABC) transporters and the other related to two-component transcriptional regulator systems. We noted that S. avermitilis contains two rpoA genes (SAV440 and SAV4953) encoding the RNA polymerase alpha subunit. These two putative proteins are 96% identical (E value = 0) and show substantial homology with the RNA polymerase alpha subunit of S. coelicolor A3(2) (96% (E value = 0) and 100% (E value = 0), respectively), Streptomyces granaticolor (96% (E value = 0) and 99% (E value = 0), respectively), M. tuberculosis (78% (E value = 10 -142 ) and 75% (E value = 10 -144 ), respectively) and M. leprae (77% (E value = 10 -140 ) and 74% (E value = 10 -141 ), respectively). This suggested that both gene products may act as RNA polymerase alpha subunits in S. avermitilis. Fully sequenced eubacteria usually contain only one rpoA gene, and this may thus be the first case of two RNA polymerase alpha subunits being present in one bacterial genome. On the other hand, only one ORF each for rpoB, rpoC, and rpoZ was found in the S. avermitilis genome. We also identified 60 putative RNA polymerase sigma factors in the S. avermitilis chromosome, 47 of them belonging to the extracytoplasmic function (ECF) subfamily. S. coelicolor A3(2) also encodes 65 RNA polymerase sigma factors, of which 45 are ECF sigma factors 12 . The presence of numerous sigma factor genes may be a characteristic of the genus Streptomyces, as the next highest number known is 23 in Mesorhizobium loti 14 . The analysis of two RNA polymerase alpha subunits and numerous sigma factors is of importance for studying functional RNA polymerase complexes. All the annotated genes identified in this study are available on the authors' website (see URL in the Experimental Protocol).
Analysis of the linear genome structure. We identified a putative origin of replication (oriC) at position 5,287,935-5,289,024 of the chromosome. This region contained at least 19 dnaA box-like sequences 15 , and the order of genes flanking the region is almost the same as that observed in circular bacterial chromosomes. The oriC of the linear chromosomes of B. burgdorferi 4 , A. tumefaciens 5, 6 , and S. coelicolor A3(2) 12 is located in the middle of the chromosomes. In contrast, oriC on the S. avermitilis chromosome is shifted 776 kb away from the center and toward the right end. Although a GCskew inversion is generally observed at the oriC of most bacterial chromosomes, no obvious GC-skew inversion could be detected on the S. avermitilis chromosome at any window size tested (Fig. 1A) . Similarly, no GC-skew inversion has been observed in several other genomes, including Deinococcus radiodurans R1 16 and Haemophilus influenzae KW20 13 . The linear plasmid SAP1 showed no clear GCskew inversion either but showed a marked bias in transcriptional direction of genes near the middle of the plasmid (Fig. 1B) . In a few prokaryotes, including B. burgdorferi and A. tumefaciens, the termini of the linear replicons seem to be covalently closed by hairpin loop structures [4] [5] [6] . On the other hand, the termini of the Streptomyces chromosomes covalently bind proteins at the 5′ end 3 . Alignment of the terminal sequences of the S. avermitilis chromosome and SAP1 with other Streptomyces chromosome termini 17 indicated extensive homology in the first 96 nucleotides (see Supplementary Fig. 1 online) . Recently, genes encoding the terminal proteins of the linear plasmids of Streptomyces rochei have been cloned and shown to be similar to genes of putative terminal proteins of other Streptomyces 18 . Homology searching using these sequences for the S. avermitilis genome identified two putative terminal protein genes, tpgA1 and tpgA2, near the right end of the chromosome and the left end of SAP1, respectively. TpgA1 and TpgA2 showed 90% identity (E value = 3 × 10 -92 ) to each other and substantial similarity to terminal proteins of other Streptomyces (60-85% identity) (see Supplementary Fig. 2 online) .
Comparative analysis of S. avermitilis with S. coelicolor A3(2) and other bacteria. We compared the theoretical proteome of S. avermitilis with those of other bacteria by using pairwise BLASTP searches without low-complexity filtering and defining reciprocal best-hit pairs as orthologs. We performed the comparative analysis with the publicly available protein sequences of S. coelicolor A3 (2) (2) showed that 2,291 (738 encoding for proteins with assigned function) and 2,307 (1,080 encoding for proteins with assigned function), respectively, did not show any substantial similarity and were thus unique to each species. These unique ORFs included genes encoding for proteins involved in secondary metabolism, degradation of polymers and xenobiotics, transcriptional regulation, and transposition (Table 2) .
Some differences between the phenotypes of S. avermitilis and S. coelicolor A3(2) can be explained by the presence or absence of specific orthologs in either genome. For instance, S. avermitilis can grow in medium containing sucrose as a sole carbon source but S. coelicolor A3(2) cannot. As shown in Table 2 , S. avermitilis contains (2) lacks the ortholog. The presence of genes encoding enzymes involved in agar metabolism in S. coelicolor A3(2) (SCO3471, 5848, 5849) but not in S. avermitilis may explain the ability of the former to degrade agar and the lack of this capability in the latter. Both S. avermitilis and S. coelicolor A3(2) 19 lack the recBC genes and their corresponding suppressors sbcAB. These genes are involved in recombination in E. coli. Alternative recD genes, SAV5329 and SCO2737, were found in both strains, which suggests that the traditional RecBCD pathway of homologous recombination is absent in Streptomyces but an alternative type of recombination pathway may be present. The S. avermitilis chromosome contains two putative genes (SAV2423 and SAV2442) encoding the topoisomerase IV subunits involved in the separation of circular daughter chromosomes. The corresponding genes in S. coelicolor A3(2) are SCO5822 and SCO5836. Both chromosomes lack a XerCD-like site-specific recombination system for resolving dimeric circular chromosomes 20 , a system commonly found in organisms with circular chromosomes. S. avermitilis lacks the operon for nitrate reductase (narG-J) whereas S. coelicolor A3 (2) contains three copies of the nitrate reductase operon. The hydrogenase operons hypA-F and hydAB, which are known to be involved in nickel metabolism 21 and in urease activity 22 but have not been functionally characterized in detail, were found in S. avermitilis but not in S. coelicolor A3(2). Both S. avermitilis and S. coelicolor A3(2) have two genes-SAV3417/SAV4725 and SCO4839/SCO3334, respectively-encoding a tryptophanyl tRNA synthethase. SAV3417 showed significant similarity with the tryptophanyl tRNA synthetases of other microorganisms but only 48% identity (E value = 7 × 10 -82 ) with that of SAV4725. Some data suggest that SAV4725 may be involved in a mechanism that renders some Streptomyces strains, including S. avermitilis and S. coelicolor A3(2), naturally resistant to indolmycin, an antibiotic that inhibits tryptophanyl tRNA synthase (ref. 23 and data not shown). S. avermitilis and S. coelicolor A3(2) are naturally resistant to chloramphenicol. S. coelicolor encodes antibiotic-transmembrane efflux proteins CmlR and CmlR2 (SCO7526 and SCO7662), which are also found in other Actinobacteria such as Streptomyces and Rhodococcus. S. avermitilis lacks orthologous genes for these efflux proteins but has a gene encoding the antibiotic-modifying enzyme chloramphenicol phosphotransferase (SAV877), which has been characterized in the chloramphenicol-producing Streptomyces venezuelae (Q56148). These data suggest that these organisms have different mechanisms for chloramphenicol resistance. i.
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viii. The oxidation reaction carried out by cytochrome P450 using molecular oxygen often functions in the detoxification and modification of low-molecular-weight compounds. Genes encoding cytochrome P450 are not abundant in most bacteria; usually 0-4 genes are found. S. avermitilis contains 33 putative cytochrome P450 genes. One of them, SAV575, and four ferredoxin genes are unique to S. avermitilis (Table 2) . S. coelicolor A3(2) contains 18 putative cytochrome P450 genes 24 . In S. avermitilis, one-third of all cytochrome P450 genes (11 genes) may be involved in the biosynthesis of secondary metabolites. The remaining 22 ORFs of S. avermitilis and the 18 putative cytochrome P450 genes of S. coelicolor A3(2) may be involved in defense mechanisms against toxic compounds in the soil environment. With 1,553 of the S. avermitilis and 1,227 of the S. coelicolor A3(2) predicted hypothetical proteins not yet characterized, much remains to be elucidated about the genetic differences between these Streptomyces species.
We have previously reported that S. avermitilis possesses at least 25 kinds of secondary metabolite gene clusters 25 . Our analysis here identified five additional secondary metabolite gene clusters in the S. avermitilis chromosome-four involved in the biosynthesis of terpene compounds and one in the biosynthesis of polyketide compounds. We recently confirmed experimentally the production of some metabolites predicted in this and previous studies, including geosmin, pentalenolactone, squalene, and pentaene 25 (data not shown). No secondary metabolite gene clusters were found on the plasmid SAP1. The total length of these 30 secondary metabolite gene clusters, containing 271 genes, was estimated to be 594 kb, indicating that 6.6% of the S. avermitilis genome is composed of genes encoding proteins involved in the biosynthesis of secondary metabolites ( Fig. 1 and Supplementary Table 1 online) . Many genes related to biosynthesis of secondary metabolites, including antibiotics, also seem to be less conserved among Streptomyces species and unique to S. avermitilis.
Overall genome structure of S. avermitilis. S. avermitilis and S. coelicolor A3(2) showed conservation of linearity and gene order along their respective chromosomes (Fig. 2) . However, most of the highly conserved internal regions show a structural asymmetry between the S. coelicolor A3(2) and S. avermitilis chromosomes when the oriCs are placed in the same direction at the center of each chromosome. Three regions, indicated by A, B and C in Fig. 2 , were also of interest. All known essential genes are located in the 6.5-Mb highly conserved internal region (SAV1625-7142 in S. avermitilis and SCO1196-6804 in S. coelicolor A3(2), respectively). Gene content and location in the 6.5-Mb conserved region also showed syntenic features with the circular chromosomes of Actinobacteria, M. tuberculosis, C. diphtheriae, and C. glutamicum, as shown by comparison of the S. coelicolor A3(2) genome with the first two of these bacteria 12 The analysis also revealed that the regions near both telomeres are less conserved both in sequence and in regard to ortholog distribution. These variable subtelomeric regions are located 2.0 Mb from the left telomere and 0.5 Mb from the right telomere in S. avermitilis. Corresponding subtelomeric regions can be found 1.1 Mb from both the left and right telomeres in S. coelicolor A3(2). The left 2-Mb subtelomeric region contained the partially conserved and inverted A region of the S. avermitilis chromosome (Fig. 2 ) (position 1,750,041-1,957,682; SAV1418-1593) corresponding to the right subtelomeric region of the S. coelicolor A3(2) chromosome (position 7,602,649-7,438,541; SCO1010-1168). This inverted region contains nonessential genes such as those encoding tagatosebisphosphate aldolase, secreted α-galactosidase, NADPH-ferredoxin reductase, and uracil DNA glycosylase. The subtelomeric regions contained 1,020 of S. avermitilis-specific genes corresponding to 44.5% of all 2,291 specific genes in S. avermitilis. Similarly, 972 (42.1%) of the 2,307 S. coelicolor A3(2)-specific genes were located in the subtelomeric regions.
Out of the 30 gene clusters related to secondary metabolism found in S. avermitilis, 17 (57%) are located in the subtelomeric regions (Fig. 1A and Supplementary Table 1 online) . S. avermitilis specific gene clusters for the avermectin (ave; position 1,132,045-1,212,960) and pentaene (pte; position 486,648-567,017) biosynthesis pathways are also located in the left 2-Mb subtelomeric region. In contrast, many gene clusters for secondary metabolites commonly produced by several Streptomyces species, including S. avermitilis, were located in the 6.5-Mb internal conserved region of the chromosome. For example, the three biosynthetic gene clusters for geosmin (geo; position 2,635,583-2,640,003), pentalenolactone (ptl; position 3,749,307-3,758,093), and oligomycin (olm; position 3,536,766-3,634,592) were located in the 6.5-Mb internal region. 
Discussion
We determined and analyzed the sequences of the 9.02-Mb chromosome and the plasmid SAP1 of S. avermitilis. The analysis of genomic sequence revealed at least 7,574 ORFs in the chromosome, of which 2,664 (35%) were shown to form 721 paralogous families, ranging from 2 to 91 genes per family. These results suggest that at least onethird of all S. avermitilis genes might have emerged by gene duplication during evolution. Two gene families in particular, the membrane-spanning components of the ABC transport systems and the family of two-component system transcriptional regulators, show this pattern. The paralogous families also included various genes involved in transcription, such as the RNA polymerase alpha subunit and numerous sigma factors, and genes encoding cytochrome P450, some of which may be involved in defense mechanisms against toxic compounds in the soil environment. The gene content of S. avermitilis suggests that its genome might have evolved by acquisition of novel gene functions to adapt to the extremely variable soil environment, the intense competition, and the drastic changes in physical conditions and nutrient availability. The abundance of such paralogous families was also observed in S. coelicolor A3(2) and may be characteristic of prototrophic bacteria in the genus Streptomyces.
Comparative analysis of S. avermitilis and S. coelicolor A3(2) revealed a 6.5-Mb, highly conserved internal region where most essential genes are located, with similar order and direction in the two species. This region also shows structural similarity to other circular bacterial chromosomes. This finding implies that the 6.5-Mb internal region is the underlying backbone of the Streptomyces chromosomes and may have evolved from an ancestor common to all bacteria with circular chromosomes. On the other hand, we also found variable and less conserved subtelomeric regions near both telomeres. Notably, more than half of the genes related to secondary metabolism were found in the subtelomeric regions, where no known essential gene was found. In addition, the subtelomeric regions contained most of the mobile elements in the genome and about half of the non-secondary-metabolism genes specific to S. avermitilis. A similar subtelomeric region organization was also found in S. coelicolor A3(2). These findings suggest that frequent gene duplication may have preferentially occurred in the subtelomeric regions of the Streptomyces chromosomes. This could also be why genes for common secondary metabolites are preferentially located in the internal region of the chromosome, whereas specific or unique genes such as ave are found in the subtelomeric region. The emergence of new genes and structural variability at particular loci, such as the subtelomeric regions, may be unique to linear bacterial chromosomes. The information and materials presented in this study will be of great use in improving and modifying Streptomyces for the production of secondary metabolites, including antibiotics.
Experimental protocol
Sequencing and assembly. Whole genome shotgun cloning was done using ∼2 kb inserts. Shotgun template DNA was prepared by direct PCR amplification of the insert from colonies as previously reported 26 but with the following modifications to optimize amplification of the extremely high-GC DNA: dimethyl sulfoxide was added to final concentration of 5% and the denaturation temperature was 98 °C in Ex-Taq PCR cocktail (Takara Bio Inc., Shiga, Japan). Electrophoresis was done at reduced voltage, as this also gave better results than the standard protocol recommended by the manufacturer. Because of the high-GC homologous sequences, the first-round assembly of shotgun data using phred/phrap assembler (http://www.phrap.org/) resulted in numerous gaps and in low confidence levels for the assembled contigs. To overcome these problems, we constructed a cosmid library with ∼40-kb DNA inserts. Cosmid end-sequences were used to estimate adjacent contig pairs and to evaluate correct assembly throughout the project. Cosmids were also used for gap filling by shotgun sequencing. In addition, PCR products were sequenced by primer walk to fill gaps and to resolve ambiguous regions. We also constructed AseI and DraI restriction maps of the S. avermitilis genome to confirm the final assembled data. In total, we assembled 186,619 random shotgun sequences from the whole genome, 10,787 cosmid-end sequences, 107 contig sequences from cosmid shotgun sequencing, 162 PCR-product sequences, and 72 manually curated sequences, achieving 13.3-fold coverage. The assembled data were consistent with positions and orientations of cosmid-end sequences. Both restriction sites in the assembled data were also in good agreement with the experimental data. Finally, the entire sequence was estimated to have an error rate of less than 1 per 10,000 bases (phrap score ≥ 40). 
